Colloidal nanocrystals (NCs) are finding increasingly varied applications ranging from electronics[@b1][@b2][@b3][@b4][@b5] to energy[@b6][@b7][@b8] and to biology[@b9][@b10][@b11]. To achieve the exquisite control over the properties of NCs, one approach is to modify surfaces of NCs with organic or inorganic molecules, which are known as ligands. The use of ligands is the favored tool for the control of the growth of colloidal NCs, tailoring the morphology[@b12][@b13][@b14], enhancing the dispersibility and stability[@b11], facilitating assembly into artificial molecules or patterns[@b1][@b15][@b16][@b17], and inducing interactions such as exciton coupling[@b18], energy or electron transfer between the core and the surface ligands of a NC[@b19][@b20][@b21][@b22].

Structurally, a colloidal NC is similar to a typical coordination complex, containing the inner core and the outer ligands. However, the method to study the coordination complex can hardly be applied to a whole colloidal NC directly due to the large number of atoms consisted of a colloidal NC core, the uncertainty of the NC structure in atom level precise, and also due to the diversity of size and/or shape of the NCs even prepared in the same batch. For these reasons, differing from attempting to study a colloidal nanocrystal as one big coordination complex system, and also differing from the traditional 'Ligand on NC\' model, a 'Surface Coordination Complex on NC\' model is adopted here. That is, a NC surface metal ion (M) together with its covalently bonded atoms and surface coordination ligand (L) are regarded as a localized system the surface complex. The rationality can be seen from the view of coordination chemistry, where metal ions and ligands are treated as an integrated system to interpret the properties of compounds. The molecular tailorability of the coordinated ligands and the advances in NC synthesis make it possible to create various colloidal NCs with functional surface complexes. Here we report the application of this concept to prepare a series of NCs with fluorescence originating from surface complexes by the simple ligand exchange approach ([Fig. 1](#f1){ref-type="fig"}). The cores of these fluorescent NCs cover a wide range of nanomaterials including insulator (e.g., Al~2~O~3~, MgO), semiconductor (e.g., ZnS, CdSe, TiO~2~, ZrO~2~) to metal NCs (e.g., Au), with either pure phase, doped (e.g., lanthanide doping) or core/shell structures (e.g., CdSe/CdS, Au/ZnS), exhibiting the potential possibilities in function combinations. As is well known that the fluorescence of coordination complexes can be categorized into four types[@b23]: for type-A fluorescence, the emission comes from the transition of L\*→L (L\* is the excited state of the ligand L), where metal ion M behaves as the indispensable perturbation; for type-B fluorescence, the emission comes from the transition of M\*→M (M\* is the excited state of the metal ion M), where L may affect as an "antenna", which absorbs and transfers energy to M; there are also L\*→M and M\*→L fluorescence, in which charge transfer is involved. Due to the complexity of the later two types of fluorescent that may involve the charge transfer not only between L/L\* and M/M\*, but also to the NC core, this paper focuses on the former two types of fluorescent surface coordination complexes on colloidal NCs.

Results and Discussion
======================

Colloidal NCs with Type-A Fluorescent Surface Coordination Complexes
--------------------------------------------------------------------

Inspired by type-A fluorescent coordination compounds formed of the type MQ~x~ (M = Al, In, Zn, Mg or Li etc; x = 3, 2, or 1 according to the valence state of M; Q = 8-hydroxyquinoline), a series of colloidal NCs with type-A fluorescent surface coordination complexes were synthesized, by using 8-hydroxyquinoline as ligands and with varied morphologies of dot, flake or wire ([Fig. 2](#f2){ref-type="fig"}, [Fig. S1, S2](#s1){ref-type="supplementary-material"}). The photoluminescence (PL) spectra of NCs that contain different metals ions, but with the same surface ligand 8-hydroxyquinoline, were found to be diverse. For example MgO-Q NCs emits blue light, Al~2~O~3~-Q blue-green and ZnS-Q green ([Fig. 2j,k](#f2){ref-type="fig"}). The crystalline structures of the NCs are preserved after the surface ligands exchange of 8-hydroxyquinoline with the original oleic acid and/or oleylamine ligands, as verified by Transmission Electron Microscopy (TEM, e.g., [Fig 2c](#f2){ref-type="fig"} and [Fig. S1b](#s1){ref-type="supplementary-material"}) and X-ray diffraction (XRD, e.g., [Fig. S1c](#s1){ref-type="supplementary-material"}). The existence of surface complexes was supported by photoluminescence, UV-vis absorption, Fourier transform infrared spectroscopy, and excitation spectrum measurements. The remaining oleic acid and/or oleylamine ligands help maintain of the dispersibility of the NCs in nonpolar solvent such as cyclohexane, chloroform or toluene[@b18].

Colloidal NCs with Type-B Fluorescent Surface Coordination Complexes
--------------------------------------------------------------------

Colloidal NCs with type-B fluorescence were obtained for NCs containing lanthanide ions of the surface coordination complexes, for example, by using 2-thenoyltrifluoroacetone (TTA) --- a typical ligand for fluorescent lanthanide complexes --- coordinate to Eu, Nd, Yb or Er doped ZrO~2~, TiO~2~ and ZnS NCs ([Fig. 2d--i,l,m](#f2){ref-type="fig"}, [Fig. S3](#s1){ref-type="supplementary-material"}). It means that, rather than searching for efficient host crystals, the surface complex approach allows the component, crystal type and structure of the NC core to become less important to obtain the strong lanthanide ion fluorescence. Typically, TTA-coordinated Eu, Nd, Yb or Er doped NCs result in more than 50 times higher intensity of the lanthanide-based photoluminescence than that of the as synthesized NCs before TTA coordination (e.g., [Fig. 2m](#f2){ref-type="fig"}).

Multi-color Emission and PL Tunability
--------------------------------------

For multiple lanthanide ion co-doped NCs, e.g. Eu, Yb, Nd and Er co-doped ZrO~2~ or TiO~2~ NCs, when coordinated with TTA, the photoluminescence spectrum presents multi-color emissions ranging from visible to the near infrared region ([Fig. 3a--d](#f3){ref-type="fig"}). For the advantage of the simplicity, this multi-color fluorescence strategy beats the molecular design strategy to synthesize heteronuclear complexes with centre metal ions of more than 2 elements. Since the surface complex model suggests that tunable photoluminescence of the surface complex can be anticipated according to that of the corresponding free standing complexes, by tuning the structure of coordination ligand of 8-hydroxyquinoline, 2-(2-(9H-fluoren-2-yl)vinyl)-8-hydroxyquinoline (QF) was synthesized. The coordination complex Zn(QF)~2~ emits yellow fluorescence with peaks centered at \~535 nm ([Fig. S4](#s1){ref-type="supplementary-material"}); accordingly, when QF is applied to the ZnS nanocrystals, it gives expected yellow fluorescence. Therefore, distinct fluorescence emissions can be selectively activated by using appropriate coordinated ligands binding to the same NCs. [Fig. 3e,f](#f3){ref-type="fig"} show the photoluminescence images and spectra of Eu:ZnS based type-A or type-B fluorescent colloidal NCs, exhibiting green (\~498 nm), yellow (\~545 nm) or red (\~617 nm) emission where ligands of Q, QF or TTA are coordinated, respectively. This series of fluorescence can be reversibly switched between each other simply by ligands exchange, which is rarely seen for heteronuclear complexes.

Fluorescent Noble Metal NCs
---------------------------

This NC fluorescent strategy can also be applied to noble metal NCs. Noble metal NCs and their alloy NCs nowadays attract interests for their application potentials in biology, catalysis and electronic industry. To combine the optical property with the noble metal NCs, efforts have been attempted on developing heterostructured nanomaterials. However, due to the intimate contact of the metal and semiconductor, which promotes charge separation across the interface, severe PL quenching was encountered, such as in Au-CdSe, Au-PbSe, Au-PbS, FePt-CdS nanoparticles[@b24][@b25]. Silica coated dye doping (Ag/SiO~2~/dye)[@b26] and hybrid superstructures (Au/SiO~2~/quantum dot)[@b27] are two reported successful strategies toward fluorescence. Here the noble metal NCs functionalized with fluorescent surface complexes are demonstrated. When europium-doped gold NCs (Eu:Au NCs) are coordinated with TTA, significant photoluminescence from the europium surface complex is observed ([Fig. 4a,b](#f4){ref-type="fig"} and [Fig. S5a](#s1){ref-type="supplementary-material"}). Another approach to construct noble metal NCs with fluorescent surface complexes is by consideration of core/shell- or hetero-structured NCs. As an example, core/shell structured Au/ZnS-Q NCs were prepared, which have blue-green photoluminescence ([Fig. 4c,d](#f4){ref-type="fig"} and [Fig. S5b](#s1){ref-type="supplementary-material"}). These two strategies presented here successfully achieved the goal of combining photoluminescence properties with non-fluorescent noble metal NCs, overcoming the quenching effect that would be encountered in metal-semiconductor heterostructures.

Discussion on Type-A Fluorescent Surface Coordination Complexes
---------------------------------------------------------------

In a NC system with type-A fluorescent surface complexes, the physic properties of the NC core contribute non-negligible effects. For example, two indium-based NCs, InOOH-Q and In~2~S~3~-Q, respectively emit green light and are non-emissive. The energy level alignment model is used trying to interpret the fluorescence behaviors of NCs with type-A surface complexes. [Fig. 5a](#f5){ref-type="fig"} shows the proposed energy level alignment for the ZnX-Q (X = O, S or Se) system. The energy level of '--XZnQ\' (X = Se, S or O) is approximately estimated from that of the ZnQ~2~[@b28]. The conduction band of ZnS NC is above the lowest unoccupied molecular orbital (LUMO) level of the surface complex '--SZnQ\', and the valence band is lower than the highest occupied molecular orbital (HOMO) level of the surface complex. This type of energy level alignment will contribute to the confinement of the surface complex exciton in the surface complex layer, inducing enhanced photoluminescence. Similar energy alignment facilitates the photoluminescence for either doped NCs such as Zn:ZrO~2~-Q ([Fig. S6](#s1){ref-type="supplementary-material"}) or insulators such as Al~2~O~3~ and MgO NCs which have even larger bandgaps. The validity of the model obtained more support by studies of ZnSe-Q and ZnO-Q NCs. As the conduction band of ZnSe or ZnO NCs is lower than the LUMO level of the corresponding surface complex, and the valence band is lower than the HOMO level, the excited electron of the surface complex would transfer to the NC while the hole is confined within the surface complex. This charge separation promotes non-radiative recombination thus the NCs are non-fluorescent. The quenching effect is also true for the 8-hydroxyquinoline coordinated Zn*~x~*Pt (*x* ≈ 0.7) NCs. Although nonfluorescent, these bandgap-staggered NC heterostructures could find applications that utilize charge separation such as photovoltaic devices[@b7]. Due to the size and shape distribution of the NCs, different surface sites --- the corners, edges, sides of crystal planes --- would have different coordination affinities and local coordination fields; Second, the NC surface complexes may interact with the surface defect states[@b22]. Both of them are additional factors that would affect the fluorescent property of the surface complexes. For example, when the quantum dots of CdSe and CdSe/CdS are coordinated with 8-hydroxyquinoline, surface-complex-related fluorescence is observed ([Fig. 5b--e](#f5){ref-type="fig"}). Although the Förster resonance energy transfer (FRET) rule is satisfied for the energy transfer from the surface complex to the quantum dots, the fluorescence of the quantum dot core is severely quenched. It may due to the surface states and/or the energy level alignment structure of the system which needs further investigation.

Discussion on Type-B Fluorescent Surface Coordination Complexes
---------------------------------------------------------------

It has been shown that, by using proper ligands, the photoluminescence intensity can be greatly enhanced in type-B fluorescent NCs, with less importance of the host materials of the NCs. Nevertheless, the coordination field or coordination number of a surface complex is determined by both the outer ligand coordination field and the NC crystal field. As a consequence, even for type-B fluorescent NCs with the same centre metal and outer coordination ligand, the fine-structure of the photoluminescence excitation spectra and photoluminescence spectra of the NCs with different NC cores vary from each other. For an example, [Fig. S7](#s1){ref-type="supplementary-material"} shows apparently different photoluminescence excitation (Emission: 615 nm) spectra of the Eu:Au-TTA, Eu:ZnS-TTA, Eu:TiO~2~-TTA and Eu:ZrO~2~-TTA NCs; Also their fine-structure of the photoluminescence spectra of the *f-f* transitions vary: the Eu:ZnS-TTA and Eu:ZrO~2~-TTA show stronger ^5^D~0~→^7^F~1~ transition (magnetic dipole transition) at \~593 nm than ^5^D~0~→^7^F~4~ transition (electric dipole transition) at \~700 nm, while Eu:Au-TTA and Eu:TiO~2~-TTA show stronger ^5^D~0~→^7^F~4~ than ^5^D~0~→^7^F~1~. For type-B fluorescent NCs, the surface complex structure provides highly asymmetric environment surrounding the lanthanide ion, which also may potentially enhance the photoluminescence[@b29]. The steric effects introduced by the NC surface and the surface ligands may inhibit solvent molecules or second 'quenching\' ligands to coordinate to a single lanthanide ion (e.g., H~2~O or --OH coordinated to surface ions of Nd^3+^ or Er^3+^), reducing non-radiative transitions[@b30].

Light Emitting Device (LED) Based on NCs with Fluorescent Surface Coordination Complex
--------------------------------------------------------------------------------------

The development of organic light emitting devices (OLEDs) has been proven one of the most exciting advances in electronics in the past decade, with fluorescent coordination complexes such as AlQ~3~ or ZnQ~2~ being excellent examples of simple complexes exhibiting this property[@b31][@b32]. Additionally, many inorganic nanomaterials are also used as non-fluorescent components of electronic devices[@b20][@b33][@b34]. NCs with fluorescent surface complexes can potentially build a bridge between these two realms of useful inorganic materials. As an example, using ZnS-Q NCs as the active emitter, an electronically-driven light emitting device was fabricated ([Fig. 6a--c](#f6){ref-type="fig"}, [Fig. S8](#s1){ref-type="supplementary-material"}). The good dispersibility of the ZnS-Q NCs in organic solvents makes it feasible to prepare thickness-controllable pure or organic-blended NC films by spin coating or printing techniques; while the solubility of the corresponding complexes of AlQ~3~ or ZnQ~2~ is limited and high temperature sublimation in vacuum with expensive equipments is required. For fluorescent quantum dots based LED[@b3][@b4][@b5], surface ligands have to be designed deliberately to optimize the balance between the carrier injection, solubility and the quantum yield[@b19], which would not be obstacles for the surface complex fluoresced NCs because the fluorescent surface complex can be intrinsically carrier transportable. These merits deliver new possibilities for fabricating LED devices by simplifying the production process and reducing the cost.

NCs with Fluorescent Surface Coordination Complexes for Cell Imaging
--------------------------------------------------------------------

As fluorescent semiconductor NCs, quantum dots have become very popular as fluorophores for biological applications[@b9][@b10][@b11]. One of the critical requirements is that the fluorescence of quantum dots must be sufficiently strong for imaging or detection after the aqueous transition, bio-transport and tagging processes. Given that well-designed NCs can be swiftly coordinated with appropriate ligands to form fluorescent surface complexes, the fluorescence can be activated by attaching the ligands at any time when needed, thus the above requirement is intrinsically satisfied. To test this concept, low toxicity ZnS-MPA NCs ([Fig. 6d](#f6){ref-type="fig"}, MPA: 3-mercaptopropionic acid) were used to image the U87 MG cells in a two-step method. In the first step, aqueous dispersible ZnS-MPA NCs were incubated with the cells for 24 hours. In the second step, a small quantity of 8-hydroxyquinoline solution was introduced to the cells, forming the ZnS-Q NCs instantly in situ. A remarkable fluorescence enhancement was observed by laser confocal fluorescence microscopy ([Fig. 6e,f](#f6){ref-type="fig"}). The NCs with fluorescent surface complexes could be particularly useful in imaging and labeling live cells due to the highly tunable and switchable photoluminescence from visible to infrared within the therapeutic window and multi-color photoluminescence of NCs[@b35][@b36][@b37].

Conclusion
==========

In summary, by using the 'Surface Complex on NC\' approach, types of NCs have been successfully functionalized with coordinated ligands to tremendously expand the family of fluorescent colloidal NCs. Unlike a metal atom alone, the chemical, physical and biological properties of NCs are much more abundant due to the tailorability of the size, shape, individual/assembly structure, component and surface modification, which would bring about superior properties of the surface complex modified NCs over the common complexes. Due to the infinite of possibilities to combine functional surface coordination complex with the NCs, there is plenty of scope for the future exploration of new colloidal NCs. One can imagine multi-functional colloidal NCs such as magnetic NCs with fluorescent or catalytical surface complexes, bio-friendly NCs with bio-active surface complexes, polymerization of the surface complexes, self-assembly of the NCs with functional surface complexes (e.g., [Fig. 2f,g](#f2){ref-type="fig"}) and so on. We anticipate the development of the NCs with functional surface complexes will bring incredible benefits for both scientific research and real world applications.

Methods
=======

Instruments
-----------

Powder X-ray diffraction (XRD) data were collected on a Bruker D8 X-ray diffractometer with Cu-Kα radiation (λ = 1.5406 Å). The Fourier transform infrared spectroscopy (FTIR) spectra were measured by a VECTOR 22 spectrometer with KBr pellets at a resolution of 2 cm^−1^. Transmission electron microscopy (TEM) images and the corresponding selected area electron diffraction (SAED) pattern were measured on a JEM-2100 transmission electron microscopy at an acceleration voltage of 200 kV. The near infrared photoluminescence spectra were measured with a Zolix Omini-λ 300 fluorescence spectrophotometer (Xe900 lamp) and DInGaAs 1700 detector. The absorption spectra were measured by a Shimadzu UV-2700 UV-vis spectrophotometer. The photoluminescence emission and excitation spectra were collected by a Hitachi F-4600 fluorescence spectrophotometer.

Nanocrystal synthesis
---------------------

The Al~2~O~3~ NCs were synthesized by a modified method from ref. [@b38]. InOOH NWs were synthesized by a previously developed method in ref. [@b39]. MgO, Zn:MgO and ZnO NCs were synthesized according to ref. [@b40]. The Ln (Ln = Eu, Yb, Nd or/and Er) doped/codoped TiO~2~ NCs synthesized by a modified method from ref. [@b41]. The Zn doped and Ln (Ln = Eu, Yb, Nd or/and Er) doped/codoped ZrO~2~ NCs were synthesized by the method of ref. [@b42]. The ZnSe NCs were synthesized by the method described in ref. [@b43]. The CdSe and CdSe/CdS(3ML) NCs were synthesized via a previously reported method in ref. [@b17]. The Au/ZnS NCs were synthesized according to ref. [@b44]. Please see "[Supporting Information](#s1){ref-type="supplementary-material"}" for the detailed synthesis methods of these NCs and ZnS, Ln (Ln = Eu, Yb, Nd or Er) doped ZnS, AlOOH, In~2~S~3~, Eu:Au and Zn~0.7~Pt NCs.

Preparation of NCs with Fluorescent Surface Coordination Complexes
------------------------------------------------------------------

The intended coordinated ligands were modified to the NCs\' surface by ligands exchange. A typical ligands exchange procedure: An amount of NCs (e.g. 5--30 mg) is dispersed in 100 μl cyclohexane. 2--200 μl of coordinated ligand (Q, QS, QF or TTA) ethanol solution (5 × 10^−2^--5 × 10^−4^ M) is added by injection. After seconds of shaking by hand, 0.8 ml ethanol is added to precipitate the NCs. Collected by centrifugation (8000 rpm, 1 min), the NCs are washed with cyclohexane and ethanol for a second time to remove any residual ligands or byproducts. The final NCs are re-dispersed and stored in cyclohexane or toluene. For examples, the MgO-Q, Al~2~O~3~-Q and ZnS-Q etc NCs in [Fig. 2](#f2){ref-type="fig"},[3](#f3){ref-type="fig"} and [Fig. S1--S2](#s1){ref-type="supplementary-material"}, 1 × 10^−6^ mol coordinated ligands were used to exchange with the original ligands of 10 mg of MgO, Al~2~O~3~ and ZnS etc NCs, respectively. This process can be applied to the same NCs for several times with different exchanging ligands, indicating the ability of the reversible switch of the fluorescence (e.g. in [Fig. 3e,f](#f3){ref-type="fig"}).

Fabrication of Light Emitting Device Based on NCs with Fluorescent Surface Coordination Complexes (ITO/PEDOT/ZnS-Q:PBD:PVK/TPBi/LiF/Al)
---------------------------------------------------------------------------------------------------------------------------------------

Patterned ITO-coated glass slides (15 ohms/sq) were cleaned by sonication in detergent and boiling water, acetone, and alcohol for 30 min, and then plasma cleaned for 5 min. A poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT) film (\~40 nm) was then spin-coated on top of the ITO surface, dried at 120°C for 15 min. The light emitting layer (80 nm) was deposited by spin coating the solution of ZnS-Q NCs (20 mg), poly(9-vinylcarbazole) (PVK) (8.4 mg) and 2-(-4-biphenylyl)-5-(4-tert-butylphenyl)-1,2,4-oxadiazole (PBD) (3.6 mg) in 1.2 ml of toluene. In a vacuum chamber at a pressure of 5 × 10^−4^ Torr, 1,3,5-tris(1-phenyl-1H-benzimidazol-2-yl)benzene (TPBi) (20 nm), LiF (1.2 nm) and Al (80 nm) was thermal evaporated in sequence. The EL spectrum was measured with a spectrometer (PR650) in ambient air condition at room temperature.

Aqueous Transfer of the ZnS NCs
-------------------------------

300 mg of TMAH, 60 µl of MPA, 20 mg of ZnS NCs in 0.2 ml of chloroform, 0.4 ml of ethanol and 0.5 ml H~2~O were added to 2 ml of chloroform sequentially. Thoroughly shaken, the mixture under went a phase separation. The supernatant phase was collected and the lower phase discarded. Ethanol and ethyl acetate were added to the supernatant portion until turning white turbid. The product was separated by centrifugation. The precipitate was washed two times by H~2~O, ethanol and ethyl acetate to eliminate the residue MPA, TMAH and byproducts. The final ZnS-MPA NCs was redispersed in H~2~O forming a clear solution.

Cell Culture
------------

Human malignant glioma cell line (U87 MG) were cultured in DMEM medium with 10% FBS, 100 U/ml penicillin, and 100 mg/ml streptomycin at 37°C, 5% CO~2~-humidified environment of 10^5^/ml overnight. The cells were incubated with 200 µl of 1.5 µg/ml, 3 µg/ml, 6 µg/ml, 12 µg/ml, 25 µg/ml, 50 µg/ml, 100 µg/ml and 200 µg/ml of ZnS-MPA NCs for 24 h, respectively. (Sample number n = 3)

MTT Assay
---------

Thiazolyl blue tetrazolium bromide (MTT) was added to each well of cells (final concentration 0.5 mg/ml) and incubated for 4 h at 37°C in a humidified atmosphere of 95% air, 5% CO~2~. DMSO was added to solubilize the blue MTT-formazan product and the sample was incubated for a further 30 min at room temperature. Absorbance of the solution was read at a test wavelength of 490 nm. The result shows the cytotoxicity of U87 MG cells after 24 h exposure to different concentration of ZnS-MPA NCs and it didn\'t have any obvious affect on U87 MG up to the concentration of 200 µg/ml ([Fig. 6d](#f6){ref-type="fig"}).

Cell Imaging
------------

U87 MG cells were cultured in 6-well plates with the concentration 200 µg/ml of NCs for 24 h and observed with the laser confocal microscopy (Nikon Ti-E, Japan). Then 10 μl Q solution (10% vol ethanol aqueous solution with the concentration of 5 × 10^−4^ M) was added and followed by rinsing with water. Instant fluorescence was observed from the ZnS-Q NCs labeled U87 MG cells.
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![Schematic illustration of the ligands exchange strategy that brings fluorescence to a colloidal NC via surface complexes.](srep05480-f1){#f1}

![Colloidal nanocrystals fluoresced by surface coordination complexes.\
TEM images of (a) MgO, (b) Al~2~O~3~ (inset is the electron diffraction pattern), (c) ZnS, (d) Eu:ZrO~2~, (e) Yb:ZrO~2~, (f) Nd:ZrO~2~-TTA, (g) Er:ZrO~2~-TTA, (h) Eu:TiO~2~ and (i) Yb:TiO~2~ NCs. (j) The photoluminescence images and (k) photoluminescence spectra of the MgO-Q, Al~2~O~3~-Q, ZnS-Q NCs. (l) Photoluminescence spectra of Ln:ZrO~2~-TTA (Ln = Eu, Yb, Nd or Er) NCs. (m) Photoluminescence and photoluminescence excitation spectra of Eu:ZnS and Eu:ZnS-TTA NCs (Excitation: 360 nm; Emission: 617 nm), measured with the same NC concentration. ((a) -- (i) scale bar 20 nm, inset scale bar 5 nm. (j) -- (m) Excitation: 360 nm; solvent: cyclohexane).](srep05480-f2){#f2}

![Characterization of multi-color emission NCs and photoluminescence tuning by ligands exchange.\
(a) TEM image and (b) multi-color photoluminescence spectrum of lanthanide co-doped Ln:ZrO~2~-TTA NCs (Ln = Eu, Yb, Nd and Er). (c) TEM image and (d) multi-color photoluminescence spectrum of lanthanide co-doped Ln:TiO~2~-TTA NCs (Ln = Eu, Yb, Nd and Er). (e) Photoluminescence images and (f) spectra of the Eu:ZnS-Q, Eu:ZnS-QF and Eu:ZnS-TTA NCs. The ligands of Q, QF and TTA can be exchanged between each other reversibly, resulting switchable fluorescence. (scale bar 20 nm, inset scale bar 5 nm; Excitation: 360 nm).](srep05480-f3){#f3}

![Fluorescent colloidal NCs structurally containing metal NCs.\
(a) Daylight and photoluminescence images and (b) TEM image of the Eu:Au-TTA NCs (scale bar 20 nm, inset scale bar 2 nm). (c) Daylight and photoluminescence images and (d) TEM image of the Au/ZnS-Q NCs (scale bar 100 nm, inset scale bar 5 nm). (Excitation: 360 nm).](srep05480-f4){#f4}

![Characterization and energy alignment of surface complex and QDs.\
(a), A schematic illustration of the proposed energy alignment of the surface complex '--XZnQ\' and NCs of ZnX (X = S, Se or O) and Zn:ZrO~2~. CB: conduction band; VB: valence band. TEM images of (b) CdSe and (c) CdSe/CdS quantum dots (scale bar: 20 nm). Photoluminescence spectra and images of (d) CdSe and CdSe-Q, (e) CdSe/CdS and CdSe/CdS-Q quantum dots.](srep05480-f5){#f5}

![Applications of the NCs Fluoresced by surface complexes in electronic device and biology.\
(a) Sketched structure of the ZnS-Q NCs based electro-driven light emitting device. (b) Electroluminescence (EL) image and (c) EL spectrum of the device, operating at 17 V. (d) The cytotoxicity of ZnS-MPA NCs to U87 MG cells after 24-hours exposure to different NCs concentration. It shows no obvious cytotoxicity effect on U87 MG cells. (e) The laser confocal microscopy image of U87 MG cells cultured with the concentration 200 µg/ml of ZnS-MPA NCs for 24 h. (f) The same visual field and observation condition when 10 μl 8-hydroxyquinoline solution (5 × 10^−4^ M) was added to from the fluorescent ZnS-Q NCs, lighting the cells instantly. (Excitation: 403 nm; Emission: 506--514 nm).](srep05480-f6){#f6}
